Using an assay specific for chain elongation of E. coli RNA polymerase the kinetics of this propagation reaction have been studied. The kinetic behaviour is consistent with the mathematical model formulated for this multisubstrate enzyme. The effect of increasing salt concentration on the kinetics of the reaction indicated that DNA unwinding is probably a necessary step in the propagation step, although this may not be the rate limiting step under all conditions.
INTRODUCTION
The synthesis of RNA on a DNA template has been studied extensively.
It is commonly accepted that this process, catalyzed by RNA polymerase, takes place in at least three steps: initiation, chain propagation, and termination. Although many workers have attempted to elucidate the process of RNA chain initiation, very few have studied the mechanism and kinetics of chain elongation. Bremer (1), Hyman and Davidson (2) and Rhodes and Chamberlin (3) have derived the equations relevant to the kinetics of nucleoside triphosphate addition to a growing RNA chain and have presented experimental evidence supporting aspects of this model. Hyman and Davidson (2) have also shown that Actinomycin D inhibits RNA chain elongation specifically by interfering with the substrate addition of GTP and CTP.
Using an assay which measures the rate of RNA propagation per growing chain we have attempted to examine the mechanism of RNA chain elongation in vitro using E. coli RNA polymerase. In this paper we reconfirm the equations originally derived by Bremer (1) by showing that the addition of each nucleoside triphosphate is independent of the other three. In addition we have used high salt concentrations to strengthen the DNA hydrogen bonds and show that this causes a form of inhibition of RNA synthesis consistent with the idea that DNA unwinding is required for chain elongation.
MATERIALS AND METHODS
a) Materials -Nucleoside triphosphates were purchased from Calbiochem. Calf thymus DNA (GC = 41%) and chicken erythrocyte DNA (GC =41%) we re prepared as described previously (5) . It had a weight-average size of 15,000 nucleotide pairs, and had about one single-strand break per strand. Only 3% of the DNA was digestible using a single strand specific nuclease. E. coli DNA(GC =52%) was a gift of Dr. U. Bachrach and herpes virus DNA (GC =68%) was obtained from Dr. Y. Becker. b) Propagation assay -The rate of chain elongation per RNAmolecule was measured by a modification of the procedure described by Cedar and FelsenfeId (5\ In this method RNA polymerase is incubatedwith template at 37°CinO.l ml containing 10 mM Tris-HC1 (pH 7.9), 1 mM MnCl 2 and 40 iM each of ATP, GTP and UTP. Under these limited conditions, RNA polymerase initiates synthesis but cannot elongate due to the lack of CTP. After 10 min this initiation reaction is complete (5) . Chainelongation is then startedby the addition of CTPin a volume of0.5ml. This mixture also contained f 3 H] UTP (10/iCi), ATP, GTP, CTPandKCl as indicated. Propagation was determined by following the incorporation of radioactive UTP into TCAprecipitable material after various time intervals up to 75 sec. Since TCAdoes not precipitate oligonucleotides containing less than 10 nucleotides (6), these polynucleotides, if present in the transcript, would not be detected by this assay system. In order to determine the propagation rate per RNA chain we have measured the number of RNA chains initiated in each reaction (5).
It should be noted that in all cases, initiation was carried out under standard conditions, sothat the number of initiated chains was always the same. In kinetic ex-periments comparisons are always made between equal amounts of enzyme-DNA complex.
RESULTS a) Rate of propagation -In all studies of enzyme kinetics it is essential to work under conditions where the initial reaction rate is linear during the period of measurement. In these studies we were interested in measuring the initial rate of RNA chain elongation independently of the initiation reaction. To this end we have chosen conditions which permit us to measure RNA chain elongation after initiation of all RNA molecules is completed. RNA polymerase was incubated for 10 min with DNA in the presence of three of the required four nucleoside triphosphates. This provides sufficient time for the initiation reaction to proceed to completion (5) . Upon the addition of the fourth nucleoside triphosphate the chain elongation step begins. Propagation, when measured in this way was linear up to 75 sec. (Fig. 1 ). This rate is linear even when the nucleoside triphosphate concentration becomes rate limiting or when the amount of template is rate limiting. Using an assay which measures the number of initiated RNA molecules we determined that no new initiations occur during this short propagation period (5). 
The quantities t a are calculated as follows: Consider a polymerase-DNA-RNA complex, EQ, which is at a site where a is to be incorporated. and
The nucleoside triphosphate a becomes covalently attached to the RNA chain, and the enzyme moves on to the next site on the DNA in the reaction noted by
The overall velocity of reactions (2) and (4) is obtained by the standard
Michaelis Menten argument as
Thus the velocity and propagation time for step a per chain are given by Then, using equation (l), the overall rate of incorporation per chain is given by
In a typical experiment, one nucleoside triphosphate, Sg, is adjusted to a lower concentration than a r e the other three, and this concentration is
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varied. Equation (8) predicts that a Lineweaver-Burke plot of 1/v versus 1/Sg should be a straight line with a slope of fpKg/k 3g . The intercept on the 1/v axis at (l/So) = 0 is
Bremer (l), Hyman and Davidson (2), and Rhodes and Chamberlin (3) have already presented data which support the rate law equation (8) 
1/[CTP]
0.3 Figure 3 . Dependence of propagation rate on CTP and ATP. Propagation was measured using 1.5 Mg DNA and 2.5 units E. coli RNA polymerase. The concentrations of UTP and GTP were 40 (iM.
The kinetics of nucleoside triphosphate addition have been investigated above and conform with the derived equations. Before the next nucleoside triphosphate is added to the growing chain, the enzyme must in some way move along the DNA to the next base pair (translocation). Although there is no conclusive proof that DNA must unwind in order for transcription to proceed, it has been suggested that this does occur (7) . Using the propagation assay described in this paper we have attempted to clarify this point.
If DNA unwinding is indeed a necessary step in RNA synthesis then one should be able to inhibit transcription by making it more difficult to unwind the DNA. This can be done by carrying out propagation in increasing concentrations of salt, which is known to increase the melting temperature of the DNA (T m ) and thus inhibit unwinding.
As shown in Figure 4 propagation is indeed inhibited by increasing concentrations of KC1. In the case of chicken DNA, KC1 concentrations of up to Nucleic Acids Research 0.4 M had no effect on the rate of chain elongation and above this there was a monotonic decrease in the rate. It should be noted that this is strictly an effect on propagation. In all of these experiments RNA synthesis was initiated in low salt; the KCl was only added after initiation was complete. Figure 4 shows a plot of 1/v versus 1/GTP at various salt concentrations. It is clear that parallelkinetics were obtained at all KCl concentrations up to 0.8 M. conclude that the effect of salt is not on nucleotide addition, but rather on one of the other steps, such as DNA unwinding or trans location.
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It is well known that increasing salt concentrations effectively inhibit DNA unwinding. This effect has been quantitated by Schildkraut and Lifson(9) in the following equation:
T m (°C) = GC/2.44 + 81.5 + 16.6 log M (10) where GC is the per cent GC content of the DNA and M is the salt concentration. If RNA synthesis were dependent on the local denaturation of the DNA one would expect the chain elongation rate to vary according to the T m of the DNA under the propagation conditions.
If one assumes that the denaturation of DNA is a reversible reaction then one could write the following:
The effect of temperature on this reaction is expressed as
where K = k^kg. 
Now, if the rate of elongation indeed depends on DNA unwinding, it may be formulated as follows:
where Vgnzymg is the inherent rate of migration of the RNA polymerase and P is the probability of finding the next segment of DNA unwound.
Thus:
When T a « T m , as it is in these experiments then P is very small and is approximately eaual to K a , and v (the propagation rate) is then proportional to K a . We may then conclude from equation (14) that We have measured the kinetic parameters of RNA polymerase chain elongation for two DNA templates with different GC content. We find that with either chicken DNA or herpesvirus DNA the enzyme has the same kinetic constants. Using the techniques described in Figures 2 and 3 we measured K /kj^, for all four nucleoside triphosphates and find that these constants are 
DISCUSSION
RNA chain elongation has been studied using conditions which were designed to separate the propagation step from other steps in RNA sjrnthesis.
Under our conditions RNA synthesis is initiated in low salt in the presence of three nucleoside triphosphates producing RNA polymerase -DNA complexes In this paper we have shown that RNA chain elongation is sensitive to the strength of the hydrogen bonds in the DNA double helix. Increasing the salt concentration and thus the T m causes inhibition of RNA synthesis. This inhibition is not due to an effect on nucleoside triphosphate addition (Fig. 4) , but is apparently due to its effect on the T m of the DNA (Equation 15 and Fig. 5 ).
The fact that the inhibition is related to the T m of. the DNA was supported by experiments with DNA of differing GC content (Fig. 6 ). These data suggest that DNA unwinding is a necessary step in the synthesis of RNA. It should be noted that Bremer has observed an increase in the rate of RNA chain elongation at 0.2 M KC1 using T4 DNA as template (14) . We and other workers (15) have not been able to demonstrate this enhancement, which is probably dependent on the type of template used, the concentration of nucleoside triphosphates and the choice and concentration of divalent cation (14) . All of our experiments have been done in the presence of 1 mM MnCl 2 -Although the rate of chain elongation is different using Mg +2 (14) , we would expect that the general form of salt dependence is similar for both divalent cations.
Although local DNA denaturation may be a necessary step, it may not be rate limiting under all conditions. Using 0.01 Msalt, chicken DNA (GC = 41%) and herpesvirus DNA (GC = 68%) seem to provide the same rate of nucleoside triphosphate addition (Table 1) . At higher salt concentrations the rate of DNA unwinding probably becomes rate limiting. We would like to suggest that this transition occurs when the DNA has an effective T m of 92°C. 
